The possible radical nitration reactions of isooctane fuel with nitromethane propellant, which is generally used as an additive in fuel formulations, were thermodynamically investigated both at room temperature and at a higher temperature of 691.15 K. The temperature of 691.15 K was chosen because it is the auto-ignition temperature of isooctane and nitromethane and has the potential to mimic better engine conditions. The computational calculations were performed at the theoretical level of DFT UB3LYP/cc-pVDZ. Four different nitration reactions and nitrated products were considered and interpreted in detail. The most and the least favorable nitrations were observed at the primary and secondary carbons of isooctane at 691.15 K, respectively. Four of the designated reactions were endothermic at this temperature. The other outcome of this study was that there was a direct relationship between the thermodynamic tendencies of the considered reactions and the ballistic performances (detonation velocities, detonation pressures, and specific impulses) of their nitrated products. The thermodynamic properties of heats of combustion and deflagration temperatures were calculated via empirical formulations based on the stoichiometry and some other structural parameters of the energetic materials. The results for nitromethane and the nitroisooctane products were examined.
Introduction
Isooctane (2,2,4-trimethylpentane) is a clear colorless liquid [1] with a petroleum-like odour [2] . It is less dense than water (0.6919 g/cm 3 ) [2] and its flash point is low (4.5 °C) [3] . It is used as one of the model fuel species in both modelling and experimental studies on spark and homogeneous charge compression ignition engines. It is used both as a neat fuel and as a major component in a primary reference fuel blend. Isooctane also serves to define the 100 point on the octane rating scale and is a primary reference fuel for octane rating in spark-ignition engines [4] . Another component in the present study is nitromethane, which is a clear, colorless liquid at room temperature. It possesses very low toxicity, is relatively inexpensive and easily obtainable compared to the well-known and widely used monopropellant hydrazine. It can be stored and handled safely under normal laboratory conditions. Another advantage of nitromethane is it has a higher density (ρ) and specific impulse (I sp ) than hydrazine (ρ (Nitromethane) = 1.127 g/cm 3 , ρ (Hydrazine) = 1.013 g/cm 3 ; I sp(Nitromethane) = 276 s, I sp(Hydrazine) = 234 s). The energy density of nitromethane coupled with its good thermal stability and low toxicity make it ideal for the laboratory testing of small-scale propulsion devices. It is used in a variety of combustion applications, as a monopropellant, as a fuel admixed with methanol for "Top Fuel" drag racing and as an additive to other fuels to improve performance in small combustion chambers [5] .
Nitro-alkanes are known as fuel components. They increase the available specific energy of a combustible air/fuel mixture in an engine [6] [7] [8] [9] [10] . However they are not available for use as a fuel in their pure form because of their shock sensitivity; they can be used as a blending component within a fuel formulation [9, 10] . Nitromethane, one of these nitro-alkanes, is used within formulations containing high amounts of isooctane. Simple bond rupture of nitromethane in an engine was suggested as producing methyl and nitro radicals as shown below [10] . CH 3 NO 2 → CH 3 . + NO 2 .
(1)
The present computational study covers the investigation of the radical nitration of isooctane fuel via nitromethane propellant, which is usually used as an additive material to increase the engine power. The reaction sequence considered was as follows: The first step was the investigation of the possible homolytic bond dissociation reactions of isooctane fuel. In these reactions, primary, secondary and tertiary radicals of isooctane are generated together with hydrogen radicals. In the second step, the homolytic bond dissociation reaction of nitromethane occurs as presented in the reaction above. In the third step, the reactions of the generated isooctane radicals with nitro radicals are investigated. The last step includes the formation of methane via the combination of methyl and hydrogen radicals.
Results and Discussion

Basis set selection
The basis set selection in this study depended on a good prediction of the computationally derived crystal density of nitromethane. Solid nitromethane has P2 1 2 1 2 1 space group and lattice vectors of a = 5.183 Å, b = 6.236 Å and c = 8.518 Å [26] . It contains 28 atoms (4 molecules) in its unit cell, with a unit cell volume of 275.31 Å 3 [26] [27] [28] . The crystal density of nitromethane does not, to the best of knowledge, appear in the literature but it can be calculated in the light of the number of molecules per unit cell and unit cell volume information. Consequently, it was found to be 1.47 g/cm 3 . In the study, the molar volumes of nitromethane were computed with 12 different Pople and Dunning basis sets in order to find the best crystal density. It should be noted that the molar volume calculations use Monte Carlo integration technique implemented in the Gaussian 09 software package, with the space enclosed by the 0.001 au (electrons/bohr 3 ) contour of the molecule's electron density, as proposed by Bader et al. [29] . The crystal densities were then calculated by division of the molecular weight of nitromethane by its computed molar volumes (obtained with different basis sets). The closest density value belonged to the DFT UB3LYP/cc-pVDZ level of calculation, 1.48 g/cm 3 ( Table 1) . Data in parenthesis is the experimental crystal density of nitromethane calculated in the light of the unit cell information obtained from Refs. [26] [27] [28] . Figure 1 shows the atom numberings of nitromethane. Table 2 lists the computed structural parameters of nitromethane (bond lengths and bond angles) with the basis sets used in Table 1 . However, almost all of the basis sets produced structural parameters closer to the experimental ones [30] ; the cc-pVDZ basis set was an advantageous one overall in terms of computing a better crystal density at the same time (Tables 1 and 2 ). Therefore, it was chosen as an ideal basis set and used in the entire study. The experimental structural parameters were taken from Ref. [30] .
The Gibbs free energies
The possible radical nitration reactions of isooctane with nitromethane were considered both in general and as detailed reaction pathways (Figures 2 and 3 ). In the general reactions, isooctane and nitromethane combined to produce four different nitro-isooctane products, nitroisooctane 1 to 4 and methane ( Figure 2 ). The interpretation of the detailed reaction pathways in Figure 3 was as follows:
The first step of the reactions involved the homolytic bond dissociation of isooctane. The reactions I-A and I-D produced primary isooctane radicals while reactions I-B and I-C produced secondary and tertiary radicals, respectively. Hydrogen radical formation accompanied the formation of all isooctane radicals. In the second step, the homolytic bond dissociation reaction of nitromethane occurred. In the third step, the isooctane radicals combined with nitro radicals. In this step, the products of reactions III-A and III-D were primary nitroisooctane derivatives, while reactions III-B and III-C gave secondary and tertiary derivatives, respectively. The final step involved the formation of methane via combination of methyl and hydrogen radicals.
Copyright © 2018 Institute of Industrial Organic Chemistry, Poland Table 3 lists the changes in Gibbs free energy (∆G) of each of these reactions. They were calculated at 1 atm pressure at two different temperatures, 298.15 K and 691.15 K, respectively (691.15 K is the auto-ignition temperature of nitromethane and isooctane [3, 17] ). They were calculated separately with and without BSSE corrections [31] . Hereafter, all of the comments concerning Table 3 take into account the BSSE corrected results at both temperatures. Here, it is important to mention that each part of the overall reaction presented in Figure 3 has its own significance and therefore parallel analysis needs to be made to understand the thermodynamics behind these reactions. The homolytic bond dissociation reactions of isooctane, I-A to I-D, were all endothermic. The least endothermic (the most spontaneous) reaction was I-C, followed by I-B and then I-D and I-A, respectively. Here, it is important to note that the isooctane radical produced in reaction I-C was tertiary, I-B was secondary and I-D and I-A were both primary (Figure 3) . The thermodynamic tendencies of the related reactions followed the stabilities of the radicals produced (The radical stability order is known to be 3 o > 2 o > 1 o ). Another point is that the results obtained at 691.15 K were more spontaneous than those at 298.15 K for this stage.
One of the reactions common to all, the homolytic bond dissociation of nitromethane (reaction II), was also endothermic and had a greater tendency at 691.15 K.
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The reactions III-A to III-D, combination of the isooctane radicals with nitro radicals to produce nitroisooctanes 1-4, were all exothermic at both temperatures, with a spontaneity order of III-D > III-A > III-B > III-C. From this order, it may obviously be concluded that primary radicals are more reactive than secondary and tertiary radicals when combining with the electron poor nitro radical (Figure 3) . The tertiary isooctane radical was the most stable radical in reaction I, and as a result it had a lower tendency to be nitrated. The secondary radical was intermediate in stability and showed more reactive character than the tertiary radical. On the other hand, the primary radicals were the most reactive species to be nitrated, since they were the least stable ones. All of the reactions of step III were found to be more exothermic at 298.15 K.
The other common reaction, the formation of methane from methyl and hydrogen radicals (reaction IV), was also exothermic at both temperatures, but was more favorable at 298.15 K.
In summary, the ∆G values of reactions I-A, II, III-A, and IV gave the ∆G value of the formation of product nitroisooctane-1. Similarly, the sum of the ∆G values of reactions I-B, II, III-B, and IV gave that of the product nitroisooctane-2, and so on ( Table 3 ). The order of the tendencies of the overall reactions for the formation of products at 298.15 K was as nitroisooctane-4 > nitroisooctane-3 > nitroisooctane-1 > nitroisooctane-2, while it was a little different at 691.15 K, as nitroisooctane-4 > nitroisooctane-1 > nitroisooctane-3 > nitroisooctane-2. The formation of the primary nitrated product, nitroisooctane-4, was the most favorable, while that of the secondary one, nitroisooctane-2, was the least favorable at both temperatures. Additionally, the formation reactions at 691.15 K were all endothermic and needed more energy than at 298.15 K. Since higher temperatures may mimic better the real conditions in an engine, the results at 691.15 K are considered to be more feasible than those at 298.15 K. It is also important to note that the BSSE corrections shifted the ∆G values and made them appear more endothermic.
Ballistic performance
Density (ρ), detonation velocity (D), and detonation pressure (P) are important parameters to evaluate the explosive performance of an energetic material; D and P can be predicted by the Kamlet-Jacobs equations based on the KistiakowskyWilson equation of state [22, 32] . The Kamlet-Jacobs equations are as follows: Table 4 [22, 33, 34] . In the table, M is the molecular weight of the compound in g/mol; ΔH o f is the standard heat of formation of the compound in kJ/mol. The density of each compound is defined as the molecular weight divided by the molar volume as discussed before. Previous studies [35] [36] [37] have reported that the standard heat of formation (ΔH o f ) of an isolated gas phase molecule calculated at the PM3 level could reasonably replace the experimental data in evaluating the detonation velocity (D) and detonation pressure (P) of the energetic compound, because they are not sensitive to ∆H o f but are quite sensitive to the density (ρ). The Kamlet-Jacobs calculations can also be applied to propellants as well as primary and secondary explosives to obtain an overall estimate of their ballistic performances [38] . Accordingly, Table 5 demonstrates the results for nitromethane and nitro-isooctane crystals. In the table, the standard heats of formation were obtained from PM3 single point calculations over DFT UB3LYP/cc-pVDZ optimized structures. Additionally, the average molar volumes were obtained from 100-single point calculations [39] at DFT UB3LYP/cc-pVDZ level of theory. The order of ballistic performance of the nitrated products, from least energetic to most energetic, was: nitroisooctane-4 < nitroisooctane-1 < nitroisooctane-3 < nitroisooctane-2. The corresponding D and P values varied between 4.43-4.60 km/s and 6.36-7.01 GPa, respectively, and were all lower than the performance values of crystalline nitromethane (D = 7.84 km/s and P = 24.03 GPa). The difference in performance arose predominantly from the crystal densities, which were calculated as 1.48 g/cm 3 for nitromethane and 1.15-1.18 g/cm 3 for the nitro-Copyright © 2018 Institute of Industrial Organic Chemistry, Poland isooctane species. Since nitromethane is normally in the liquid phase and less dense than its crystal phase (1.127 g/cm 3 ) [5] , its ballistic performance also appears to be lower than that of its crystal phase (D = 6.29 km/s, P = 14.1 GPa) [24] . Table 5 .
Calculated Kamlet-Jacobs detonation performances of nitromethane and the nitro-isooctane products in their crystal phase [35] [36] [37] over DFT UB3LYP/cc-pVDZ optimized structures. b) Average molar volumes from 100-single point calculations [39] at DFT UB3LYP/cc-pVDZ theoretical level. c) Data in parentheses are the experimental ρ value [5] , and D and P values [24] reported for liquid nitromethane.
The thermodynamic spontaneity order of the reactions at 691.15 K discussed in the previous section showed parallels with the ballistic order of the related products. The spontaneity order of the formation of the nitro-isooctane products was nitroisooctane-4 > nitroisooctane-1 > nitroisooctane-3 > nitroisooctane-2, to which the ballistic (energetic) order was related. The results were self-consistent, i.e., the formation reaction of the least energetic species, nitroisooctane-4, was the most favorable, while the most energetic species, nitroisooctane-2, was the least favorable in terms of the Gibbs free energy of formation. The related values of the other species, nitroisooctane-1 and nitroisooctane-3, were intermediate.
Specific impulse
The term specific impulse can be used to describe and characterize the performance of propellants. It is defined as the thrust divided by the propellant combustion rate. A high explosive can be designated as a monopropellant in which its specific impulse depends upon chemical and structural factors. A simple method can be used to estimate the specific impulse of mostly ideal and less ideal
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where D is the detonation velocity in km/s, ρ is the crystal density in g/cm 3 , and I SP is the specific impulse in Ns/g. The calculated I SP values for crystalline nitromethane and the nitroisooctanes 1-4 are listed in Table 6 . The values for the nitro-isooctanes varied between 1.47-1.53 Ns/g. The I SP order was nitroisooctane-2 > nitroisooctane-3 > nitroisooctane-1 > nitroisooctane-4, which is also consistent with the ballistic (energetic) order. For instance, the most energetic species, nitroisooctane-2, had the highest specific impulse, while the least energetic one, nitroisooctane-4, had the lowest. The values of the other species, nitroisooctane-1 and nitroisooctane-3, were intermediate. All of the nitro-isooctane species had lower specific impulses than solid nitromethane (2.73 Ns/g) due to their lower crystal densities and detonation velocities. Similarly, having a lower detonation velocity and density made liquid nitromethane weaker than solid nitromethane (I SP = 2.63 Ns/g) ( Table 6 ). 
Heat of combustion and deflagration temperature
The heats of combustion of nitromethane and of the nitroisooctanes 1-4 were calculated according to the empirical formula based on C a H b N c O d type explosives reported in the study by Keshavarz et al. [40] . The calculated value for nitromethane was −719.1 kJ/mol; the experimental value was determined as −709.6 kJ/mol in the study by Lebedeva and Ryadenko [41] . Since all of the nitroisooctanes 1-4 had the same molecular formula and were all the constitutional isomers of each other, they had the same calculated value of the heat of combustion (−5183.0 kJ/mol). This was a reasonable result since the nitro-isooctanes were all larger molecules than nitromethane and had the potential to release more energy. The deflagration temperatures were calculated according to the empirical formula derived by Keshavarz et al., based on carbon and oxygen numbers and some other structural parameters of the energetic materials [42] . By similar reasoning, all of the nitroisooctanes 1-4 had the same deflagration temperature of 569 K, since they had the same numbers of carbon and oxygen atoms. Nitromethane had a lower deflagration temperature of 477 K. Since nitromethane propellant has a more energetic character than the nitroisooctanes 1-4 fuels, a relatively lower temperature is required to deflagrate it.
Conclusions
The conclusions of this study can be listed with some major outcomes: a) The cc-pVDZ basis set of DFT UB3LYP theoretical level was chosen as an ideal basis set for the calculations since it gave values closest to reported experimental values for both the crystal density and the structural parameters of solid nitromethane propellant. b) The possible radical nitrations of isooctane with nitromethane at high temperature (691.15 K, which is the auto-ignition temperature of both components) were all found to be endothermic. c) The most favorable nitration reaction gave nitroisooctane-4 (product of nitration at a primary carbon) while the least favorable one gave nitroisooctane-2 (product of nitration at a secondary carbon). The products of nitration at the other primary and tertiary positions, nitroisooctane 1 and 3, were intermediate in terms of spontaneity. d) The thermodynamic tendencies of the reactions discussed in "c" parallelled the products' ballistic performances. The product of the least favourable nitration reaction, nitroisooctane-2, was the strongest, while the product of the most favourable nitration reaction, nitroisooctane-4, was the weakest in terms of their ballistic performances, such as detonation velocity, detonation pressure and specific impulse. The ballistic performances of the other two nitrated species, nitroisooctane 1 and 3, were intermediate, as in the case of "c". e) The heats of combustion of the nitroisooctanes 1-4 (−5183.0 kJ/mol for all) were found to be higher than that of nitromethane (−709.6 kJ/mol). This was an expected result since the larger isooctanes had more potential to release energy. f) The deflagration temperatures of nitromethane and the nitroisooctanes [1] [2] [3] [4] were calculated as 477 and 569 K, respectively. Nitromethane is a more energetic material and acts as a propellant while the nitroisooctanes 1-4 are less energetic materials and therefore have fuel characteristics. This factor makes fuels thermally more stable and causes them to deflagrate at relatively higher temperatures.
